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Abstract

Many eukaryotic microbes have complex life cycles that include both sexual and asexual
phases with strict species specificity. Whereas the asexual cycle of the protistan parasite
Toxoplasma gondii can occur in any warm-blooded mammal, the sexual cycle is restricted
to the feline intestine. The molecular determinants that identify cats as the definitive host for
T. gondiiare unknown. Here, we defined the mechanism of species specificity for T. gondii
sexual development and break the species barrier to allow the sexual cycle to occur in mice.
We determined that T. gondii sexual development occurs when cultured feline intestinal
epithelial cells are supplemented with linoleic acid. Felines are the only mammals that lack
delta-6-desaturase activity in their intestines, which is required for linoleic acid metabolism,
resulting in systemic excess of linoleic acid. We found that inhibition of murine delta-6-desa-
turase and supplementation of their diet with linoleic acid allowed T. gondii sexual develop-
ment in mice. This mechanism of species specificity is the first defined for a parasite sexual
cycle. This work highlights how host diet and metabolism shape coevolution with microbes.
The key to unlocking the species boundaries for other eukaryotic microbes may also rely

on the lipid composition of their environments as we see increasing evidence for the impor-
tance of host lipid metabolism during parasitic lifecycles. Pregnant women are advised
against handling cat litter, as maternal infection with T. gondii can be transmitted to the fetus
with potentially lethal outcomes. Knowing the molecular components that create a condu-
cive environment for T. gondii sexual reproduction will allow for development of therapeutics
that prevent shedding of T. gondii parasites. Finally, given the current reliance on compan-
ion animals to study T. gondii sexual development, this work will allow the T. gondiifield to
use of alternative models in future studies.
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Introduction

The apicomplexan parasite Toxoplasma gondii causes a chronic infection in nearly one-third
of the human population and is well known for causing congenital infections leading to blind-
ness, mental retardation, and hydrocephaly of the developing fetus. T. gondii has a complex
life cycle containing both sexual and asexual phases. The T. gondii asexual cycle can occur in
any warm-blooded animal when contaminated food or water is consumed and T. gondii dis-
seminates throughout the host, converting to an encysted form in muscle and brain tissue. In
contrast, the T. gondii sexual cycle is restricted to the feline intestinal epithelium, culminating
in the excretion of environmentally resistant oocysts [1]. The molecular basis for this species
specificity is unknown.

During feline infection, the ingested bradyzoites are released by pepsin and acid digestion
in the stomach. Bradyzoites then invade the feline intestinal epithelium and differentiate into
five morphologically distinct types of schizonts [2]. Within 2 days in the feline intestine, para-
sites progress through all five stages of schizonts and then develop into merozoites. The mero-
zoites undergo a limited proliferation of two to four doublings before they differentiate into
macrogametes and microgametes. The macro- and microgametes fuse to produce diploid
oocysts, which develop thick impermeable walls and are shed in the feces. Cats usually excrete
2-20 million oocysts per day in their feces and usually shed oocysts 5-10 days post infection
[3,4]. In ambient air and temperature, oocysts undergo a sporulation process to mature and
become infectious. Both mitosis and meiosis occur during sporulation to produce eight hap-
loid sporozoites encased within the oocyst wall. T. gondii oocysts are stable for 18 months in
unfavorable environmental conditions and resistant to many chemical disinfectants [5].

Results and discussion
Linoleic acid is critical for sexual development in cultured cat cells

To determine the molecular mechanisms that define the species specificity of T. gondii sexual
development, we generated cat intestinal organoids (Fig 1a) and then seeded these epithelial
cells onto glass coverslips. These monolayers displayed intestinal epithelial properties, includ-
ing polarization and tight junction formation (Fig 1b). To simulate natural infection, T. gondii
was harvested from mouse brains 28-40 days after primary infection, and the parasites were
released from the brain cysts by pepsin and acid digestion. After neutralization with sodium
carbonate, parasites were seeded onto the cat intestinal monolayers, incubated for 5 days,

and stained for markers of the parasite presexual stage called a merozoite [6,7]. Although we
observed occasional dense granule protein 11B (GRA11B) and bradyzoite rhoptry protein-1
(BRP1) staining, the vast majority of the culture was negative for these merozoite markers (Fig
1c), suggesting that a required nutrient was limiting under these culture conditions. Because
recent studies showed that the T. gondii asexual stages scavenge fatty acids, particularly oleic
acid, from the host [8] and that sexual development of many fungi is dependent on linoleic
acid [9], we surmised that supplementation with these fatty acids could facilitate T. gondii sex-
ual development. We added 200 uM oleic or linoleic acid to cat intestinal monolayer culture
medium 24 hours prior to infection with T. gondii. After 5 days of infection, we found that the
addition of linoleic acid but not oleic acid caused approximately 35% of the T. gondii to express
both merozoite stage markers (Figs 1d-1g and 2a, S1 Data). Similarly, GRA11B mRNA was
significantly more abundant in cat intestinal cells supplemented with linoleic acid compared
to any other condition (Fig 2b, S2 Data). As seen in vivo cat intestine, GRA11B changes locali-
zation from within the parasite dense granule organelles in the early stages of development

to the parasitophorous vacuole and parasitophorous vacuole membrane in later stages of
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Fig 1. Linoleic acid enhances progression through the sexual stages. (a) Cat intestinal organoids were generated
from small-intestine sections and were grown in basement membrane matrix. Example of a growing organoid, 100-pm
size bar. (b) Intestinal organoids were dissociated using trypsin and single cells seeded onto glass coverslips to grow as
monolayers. The cells in the monolayer expressed the tight junction protein ZO-1 (green), 20-pum size bar. Cat
intestinal monolayers were incubated with either (c) no fatty acid supplementation, (d) 200 uM oleic acid, or (e, f, g)
200 pM linoleic acid for 24 hours and then infected with ME49 bradyzoites for 5 days. Parasites undergoing presexual
development were commonly seen only with linoleic acid supplementation as marked by staining with GRA11B (red)
or BRP1 (green). Parasites in (e) early, (f) middle, or (g) late stages of sexual development were noted by differential
localization of GRA11B. All panels are 20 um* with a 5-um white size bar in the lower right corner. BRP1, bradyzoite
rhoptry protein-1; DIC, differential interference contrast; GRA11B, dense granule protein 11B; ZO-1, zona occludens
1.

https://doi.org/10.1371/journal.pbio.3000364.9001
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Fig 2. Quantification of merozoites in cat tissue culture. (a) Cat intestinal organoids were disassociated by trypsin
and then grown as monolayers on glass slides. Slides were divided into three different groups: not supplemented with
FA, supplemented with 200 uM OA, or supplemented with 200 uM LA. Monolayers were infected with T. gondii ME49
bradyzoites purified from brains of chronic infected mice at a 1:10 MOI. Five days after infection, staining for GRA11B
and BRP1 along with DAPI allowed the percentage of vacuoles positive for GRA11B and BRP1 out of the total vacuoles
to be determined. Total number of parasitophorous vacuoles were counted by positive DAPI staining and confirmed
by morphology with DIC. Three biological replicates were counted, and on average, 35% of the total vacuoles were
positive for both GRA11B and BRP1 in the LA-supplemented monolayers. *p-value = 0.0126 with N = 3 by two-tailed
unpaired ¢ test. Straining for both BRP1 and GRA11B was used to ensure that merozoite stages were counted. RNAseq
and immunofluorescent imaging of the cat intestinal epithelium show that GRA11B is exclusively expressed in
merozoites [6]. BRP1 is a rhoptry protein that was initially found in bradyzoites; however, it is also expressed in
merozoites [7]. (b) Cat intestinal monolayers were grown as described in (a), except monolayers were quenched by
TRIzol 5 days post infection, RNA was extracted, and cDNA was synthesized using an oligo (dT) primer to amplify
mRNA. Expression of SAG1 and GRA11B were quantified by qPCR and the fold change calculated in comparison with
uninfected cells. TUB1A was used to normalize gene expression across samples. GRA11B expression was significantly
more abundant in the LA-supplemented monolayers with two biological replicates. *p-value = 0.0155 with N = 2 by
two-tailed unpaired ¢ test. BRP1, bradyzoite rhoptry protein-1; DIC, differential interference contrast; FA, fatty acid;
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GRA11B, dense granule protein 11B; LA, linoleic acid; MOI, multiplicity of infection; OA, oleic acid; qPCR,
quantitative PCR; RNAseq, RNA sequencing; TUB1A, tubulin 1A; SAGI, surface antigen 1.
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development [6]. We see similar localization of GRA11B depending on vacuole size, likely
representing early, middle, and late stages (Fig le-1g). Likewise, BRP1 has a localization
similar to that previously seen in the rhoptry organelles in the apical end of the merozoite [7]
(Fig le-1g).

Within the feline intestine, merozoites are known to differentiate into micro- and macroga-
metes that fuse to become diploid oocysts. After 7 days of infection, we saw round structures
with reactivity to the macrogamete protein amine oxidase, copper-containing protein 2 (AO2)
[10] in cat intestinal monolayers cultured with 200 uM linoleic acid but not in unsupplemen-
ted or oleic acid-supplemented cultures (Fig 3a-3c). PCR of these day 7 linoleic acid-supple-
mented cultures amplified message for AO2 as well as the predicted microgamete flagellar
dynein motor protein TGME49_306338 with 44% identity to the homologue from the motile
green alga Chlamydomonas reinhardtii (Fig 3d). In parallel, we assessed for the presence of
intracellular oocyst wall biogenesis in these linoleic acid-supplemented cat cells by using the
3G4 antibody [11] that recognizes the T. gondii oocyst wall. There were approximately nine
oocyst walls per cm? of cultured cat cells supplemented with 200 uM linoleic acid but none in
not-supplemented or oleic acid-supplemented cultures (Fig 3e-3h, S3 Data). Addition of
20 uM linoleic acid did not enhance oocyst wall production, indicating that the concentration
of linoleic acid was critical for proper development.

Inhibition of delta-6-desaturase causes sexual development in cell culture
mouse cells

The dependence of T. gondii sexual development on high levels of linoleic acid was intriguing
because cats are the only mammal known to lack delta-6-desaturase activity in their small
intestines [13,14]. Delta-6-desaturase is the first and rate-limiting step for the conversion of
linoleic acid to arachidonic acid. Linoleic acid is the dominant fatty acid in cat serum, compris-
ing 25%-46% of the total fatty acid [15-18], whereas rodents serum contains only 3%-10% lin-
oleic acid [19-22]. We hypothesized that the lack of delta-6-desaturase activity in the cat small
intestine allows for a buildup of linoleic acid from the diet, which then acts as a positive signal
for T. gondii sexual development. To test this hypothesis, we infected mouse intestinal mono-
layers with T. gondii and supplemented them with linoleic acid and the chemical SC-26196, a
specific inhibitor of the delta-6-desaturase enzyme, to establish high steady-state levels of lino-
leic acid [23]. Five days after infection of the mouse culture with T. gondii, we assessed merozo-
ite markers BRP1 [7] and GRA11B [6]. We detected expression of GRA11B and BRP1 in
mouse intestinal cells only when supplemented with both linoleic acid and SC-26196 (Fig 4).
These data suggest that the delta-6-desaturase enzyme must be inhibited in order for high
enough levels of exogenous linoleic acid to increase and induce T. gondii sexual development
in nonfeline intestinal cells. Similar to cat cells, mouse intestinal monolayers supplemented
with both linoleic acid and SC-26196 had approximately 26% of the T. gondii vacuoles express-
ing both BRP1 and GRA11B (S1 Fig, S4 Data).

Inhibition of delta-6-desaturase causes sexual development in live mice

Oocysts excreted in cat feces must undergo a sporulation process to become infectious to the
next host. We attempted to sporulate the round structures containing oocyst wall antigen that
were derived from either cat or inhibited mouse cultured intestinal cells at room temperature
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Fig 3. Identification of gametes and intracellular oocysts in cat tissue culture. Cat intestinal organoids were disassociated by trypsin and
then grown as monolayers on glass slides. Monolayers were grown to confluency and then were incubated with either no fatty acid
supplementation (a and e), 200 uM oleic acid (b and f), or 200 uM linoleic acid (c and g) for 24 hours and infected with ME49 bradyzoites
purified from brains of chronic infected mice. After 7 days, monolayers were incubated with mouse anti-AO2 (a-c) or mouse monoclonal
IgM 3G4 (e-g). The amiloride-sensitive AO2 is an enzyme exclusively expressed in macrogametes and early oocysts and has a possible role
in oocyst wall biogenesis [10]. AO2 expression was only detected by immunofluorescence in the monolayers supplemented with linoleic acid
(c). 3G4 is a mouse monoclonal antibody produced by immunizing mice with purified oocyst walls [11]; thus, it is a marker of oocyst wall
biogenesis. Only monolayers supplemented with linoleic acid (g) had positive 3G4 vacuoles. All panels are 20 um? with a 5-um white size bar
in the lower right corner. (d) Markers for macrogamete and microgamete expression were also evaluated by PCR. Cat intestinal monolayers
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were grown in 24-well plates until confluency and then infected with T. gondii bradyzoites in duplicate using the same conditions as above.
Seven days post infection, RNA was extracted with TRIzol, and cDNA was synthesized using an oligo (dT) primer to only amplify mRNA.
AO2 was again used as a marker for macrogametes, and the expected PCR product is 218 bp. To assess microgamete presence, we selected
the gene TgME49_306338, which is overexpressed in the gametes stage, corresponded to day 7 post infection in cats [12], and has 44%
identity to a protein expressed in the flagella of the motile green algae C. reinhardtii. The expected PCR product for TgME49_306338 is 160
bp. TUBIA was used as an input control and results in a 172-bp product. “No RT” corresponds to a cDNA synthesis reaction without the
addition of RT as a control for genomic DNA contamination. Equivalent amounts of cDNA per sample were used as a template for each
PCR reaction, and the products were separated on an acrylamide gel. Bands with the correct size showing AO2 and TgME49_306338
expression were only observed in linoleic acid-supplemented monolayers. (h) The number of positive oocyst walls stained with 3G4 were
quantified. Cat intestinal monolayers were infected with T. gondii bradyzoites and after 7 days, fixed with 3.7% formaldehyde in PBS, and
incubated with 3G4 as showed in (e, f, and g). The number of positive oocyst walls were counted in each slide and divided by the area of slide
in cm® The number of positive oocysts walls in monolayers supplemented with linoleic acid was significantly higher than those
supplemented with oleic acid in three biological replicates. *p-value = 0.0272 with N = 3 by two-tailed unpaired ¢ test. AO2, amine oxidase,
copper-containing protein 2; DIC, differential interference contrast; IgM, immunoglobulin M; RT, reverse transcriptase; TUB1A, tubulin
1A.

https://doi.org/10.1371/journal.pbio.3000364.g003

with aerosolization for 7-14 days. Unfortunately, few structures were obtained from the
monolayers, they did not appear to sporulate, and they were not infectious to mice. We
hypothesized that T. gondii oocyst development and infectivity would require physiological
conditions in a whole animal that could not be recapitulated in tissue culture. To test this
hypothesis, we inhibited delta-6-desaturase activity in the intestines of live mice. The delta-
6-desaturase inhibitor SC-26196 is effective as an anti-inflammatory agent in whole-animal
experiments [24]. Because it was previously seen that sporozoites shifted to the rapidly repli-
cating asexual stage called a tachyzoite, within 8 hours after the oral inoculation into rats [25]
we fed the mice a linoleic acid-rich diet and pretreated them with the delta-6-desaturase inhib-
itor SC-26196 (or a no-inhibitor control) 12 hours prior to oral infection with T. gondii and
every 12 hours thereafter. In mice fed both the linoleic acid-rich diet and the SC-26196 inhibi-
tor, 7 days after infection, quantitative PCR (qPCR) of ileum cDNA showed high expression of
the T. gondii merozoite marker GRA11B and low expression of the asexual tachyzoite surface
antigen 1 (SAGI) [26] (Fig 5a, S5 Data). Ileum sections on day 7 post infection were paraffin-
embedded and stained with hematoxylin and eosin or reticulin stain. Presexual and early
oocysts stages were present only in the tissue of mice fed linoleic acid and the delta-6-desatur-
ase inhibitor (Fig 5b and 5c).

As early as day 6 post infection, oocyst-like structures showing 3G4 antibody-positive stain
ing were present in the mouse feces (Fig 5d) and increased in number until day 7, when the
mice were euthanized. gPCR on genomic DNA from mouse fecal samples showed that T. gon-
dii genomic DNA was detectable only in mice treated with SC-26196 (Fig 6a, S6 Data), indicat-
ing that delta-6-desaturase must be inactivated in mice for T. gondii sexual stages to develop in
the mouse gut. Mice produced 1,000-10,000 oocysts/gram dry feces. To increase the number
and duration of oocysts shedding, mice were fed the SC-26196 inhibitor every 12 hours only
until day 5 post infection. Oocysts were monitored in the feces, with the peak of shedding
being days 8-9 with between 100,000-150,000 oocysts/gram dry feces (Fig 6b, S7 Data), which
is within the range seen for cats (2,000-1,500,000 oocysts/gram of feces [3,4]).

Mouse-derived oocysts sporulate and are infectious

T. gondii oocysts are susceptible to desiccation, making them unable to sporulate [29]. There-
fore, the mouse feces or the intestinal contents were immediately placed in saline and sporu-
lated at room temperature with aerosolization. Cat-derived oocysts are usually stable after a
30-minute incubation in undiluted bleach (5% sodium hypochlorite) and long-term incuba-
tion in 2% sulfuric acid [5]. Because mouse-derived oocysts were not as resistant to bleach and
2% sulfuric acid as cat-derived oocysts, they were sporulated in saline with antibiotics. After 7
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Fig 4. Inhibition of delta-6-desaturase permits sexual development in mouse culture. Mouse intestinal monolayers were
incubated with either (a) no fatty acid supplementation, (b) 200 uM linoleic acid, or (c, d, e) 200 uM linoleic acid plus the delta-
6-desaturase inhibitor (“D6D inh.”) SC-26196 for 24 hours and then infected with ME49 bradyzoites for 5 days. Only in cultures
supplemented with linoleic acid and SC-26196 were parasites undergoing presexual development detected by staining with
GRALI1B (red) or BRP1 (green). Parasites in (c) early, (d) middle, or (e) late stages of development were noted by differential
localization of GRA11B. All panels are 20 um? with a 5-um white size bar in the lower right corner. BRP1, bradyzoite rhoptry
protein-1; DIC, differential interference contrast; GRA11B, dense granule protein 11B.

https://doi.org/10.1371/journal.pbio.3000364.9004

days, sporulation was evident in approximately 50% of the oocysts by visualization of sporozo-
ites, a deep blue autofluorescent wall [30] (Fig 6¢), and reactivity with the 4B6 antibody that
recognizes the two individual sporocysts within the oocysts [11] (Fig 6d). The sporulated
oocysts were infectious to mice, as seen by serum conversion (S2 Fig) and cysts in the brains
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Fig 5. Mice shed oocysts after inhibition of D6D. Mice were gavage fed LA and the D6D inhibitor (“Inh.”) SC-26196
12 hours prior to infection with ME49 bradyzoites and then every 12 hours for the 7 days of infection. (a) qPCR of
cDNA from the ileum for tachyzoite marker SAG1 (black) and GRA11B (red) shows that GRA11B is significantly up-
regulated only in the presence of SC-26196 (p-value = 0.0057 with N = 2 by two-tailed unpaired ¢ test). (b) Ileum
sections on day 7 post infection were paraffin-embedded and stained with hematoxylin and eosin to visualize presexual
stages. (c) Early intracellular oocysts were observed in ileums of D6D inhibited mice impregnated with silver (reticulin
stain) and photographed using differential contrast imaging to delineate the oocyst wall in dark brown [27]; 10-um
black size bar in the lower right corner. (d) Fresh oocysts were fixed in 3.7% formaldehyde in suspension, incubated
with mouse monoclonal antibody 3G4 overnight, and then incubated with goat anti-mouse Alexa Fluor 488 secondary
antibody. Panels are 20 um? with a 5-um white size bar in the lower right corner. D6D, delta-6-desaturase; DIC,
differential interference contrast; FA, fatty acid; GRA11B, dense granule protein 11B; LA, linoleic acid; qPCR,
quantitative PCR; SAG1, surface antigen 1.

https://doi.org/10.1371/journal. pbio.3000364.9005

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000364  August 20, 2019 9/19


https://doi.org/10.1371/journal.pbio.3000364.g005
https://doi.org/10.1371/journal.pbio.3000364

o ®
@ : PLOS ‘ BIOLOGY Turning a mouse into a cat: Inhibition of delta-6-desaturase allows Toxoplasma to have sex anywhere

c DIC autofluorescence
a 14+
i -
o 101
£
g s
‘B
S 6
©
o
44
24
" r—-| ) — ' a IC Sporocyst wall
Uninfected No FA LA D6D Inh. + LA
T. gondii infected
b
1.5x105 1 i .
— ¢ e DIC Tissue cyst - DBA
5 -
g 1.0x1051 L
2
(6]
[e]
O  5.0x1041 ° o
T T
° 20
T o0 e o
0 [ ] L[] - o
op0—epr—op—ep0—F— T T T T T T —F-
12 3 45 6 7 8 9 10 11 12 13 14

Days PI

Fig 6. Mouse oocysts are infectious. (a) gPCR on genomic DNA from mouse fecal samples shows that T. gondii genomic DNA is
detected only in mice treated with SC-26196 (p-value = 0.0002 with N = 3 by two-tailed unpaired ¢ test). (b) Counts of the number of
oocysts/gram of feces over time. ***p-value = 0.0003 day 5 versus 8 and **p-value = 0.0017 day 9 versus 14. (c) After 7 days in
sporulation conditions, sporocysts were visible by DIC, and blue autofluorescence of the oocyst walls was enhanced. All panels are

20 pm? with a 5-um white size bar in the lower right corner. (d) To expose the sporocyst wall to the 4B6 antibody [11], the sporulated
oocysts were dried to the slides, fixed and permeabilized with cold acetone for 30 minutes, incubated with mouse monoclonal antibody
4B6 overnight, and then incubated with goat anti-mouse Alexa Fluor 488 secondary antibody. (e) At 28 days PI with oocysts, T. gondii
cysts were purified from the brains of mice and detected by DBA [28] (red). All panels are 20 um? with a 5-um white size bar in the lower
right corner. D6D Inh., delta-6-desaturase inhibitor; DBA, Dolichos biflorus agglutinin; DIC, differential interference contrast; FA, fatty
acid; LA, linoleic acid; P, post infection; qPCR, quantitative PCR.

https://doi.org/10.1371/journal.pbio.3000364.g006

28 days later (Fig 6e, S3 Fig). Similar to oocysts derived from a cat, these mouse-derived sporu-
lated oocysts were stable and infectious for at least 3 months when stored at 4 °C.

Concluding remarks

All together, these results define the mechanism of species specificity for T. gondii sexual devel-
opment and show that the species barrier can be broken for T. gondii sexual development by
inhibiting delta-6-desaturase activity in the intestines of a nonfeline host. The lack of delta-
6-desaturase activity and the buildup of linoleic acid likely enhance T. gondii sexual develop-
ment in multiple ways. First, prior work suggests linoleic acid is cytotoxic for the asexual
tachyzoite stage [31]; thus, tachyzoite development would be halted in a linoleic-rich environ-
ment. Second, inhibition of delta-6-desaturase likely lowers arachidonic acid levels, which
would alter the production of immune lipid mediators known as eicosanoids. Finally, the
dramatic difference between oleic acid with one double bond and linoleic acid with two high-
lights that linoleic acid is probably used as a signaling molecule and not to meet basic nutri-
tional needs. Quorum-sensing for sexual reproduction in fungi is dependent on oxygenation
of linoleic acid but not oleic acid [9]. The multiple host and T. gondii cyclooxygenases and
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lipoxygenases might oxygenate linoleic acid to an oxylipin signaling molecule for T. gondii sex-
ual development to proceed. Other protozoan parasites also rely on host derived lipids, which
may be used as signaling molecules as well as lipid sources for parasite growth during their life
cycles [32,33].

Materials and methods
Ethics statement

Mice were treated in compliance with the guidelines set by the Institutional Animal Care
and Use Committee (IACUC) of the University of Wisconsin School of Medicine and Public
Health (protocol #M005217). Cats were treated in compliance with the guidelines set by the
IACUC of the United States Department of Agriculture, Beltsville Area (protocol #15-017).
Both institutions adhere to the regulations and guidelines set by the National Research
Council.

Intestinal organoids

Cat intestinal organoids were established from jejunum sections obtained from fetal small-
intestinal sections. Mouse intestinal organoids were established from jejunum sections from
8-week-old C57BL/6] male mice. Organoids were generated as described previously [34].
Briefly, intestinal sections were washed in ice-cold PBS containing 0.1 mg/mL streptomycin
and 100 U/mL penicillin for 20 minutes. Sequentially, EDTA (Sigma) was added to a final
concentration of 2 mM and the tissue incubated for 40 minutes at 4 °C. The tissue was then
rinsed in cold PBS without EDTA and vigorously shaken until crypts were seen in the super-
natant. The crypt suspension was filtered using a 70-um cell strainer, and the crypts were
centrifuged at 80g for 5 minutes. The cells were resuspended in Matrigel (BD Biosciences),
pipetted into a 24-well plate, allowed to polymerize, and then covered with organoid
medium. The organoid medium contains Advanced DMEM/F12 with 2 mM Glutamax, 20
mM HEPES, 1 x B27, 1 x N2, 10% v/v fetal bovine serum, 10 mg/L insulin, 5.5 mg/L transfer-
rin, 0.67 mg/L selenite, penicillin and streptomycin (all from Invitrogen), 50 ng/ml human
EGF (R&D systems), 10 mM nicotinamide (Sigma), 3 pM CHIR99021 and 10 uM Y-27632
(both Selleckchem), and 50% v/v conditioned medium obtained from L-WRN cell line
(ATCC CRL 3276). The medium was changed every other day, and the organoids were
expanded by passing the cells through a 25-gauge needle every week. All experiments were
done with cells at passage 2 to 5, and cells were regularly checked for mycoplasma contami-
nation (MicoAlert Lonza).

Intestinal monolayers and fatty acid supplementation

Monolayers were generated from intestinal organoids as described previously [35]. Briefly,
established cat or mouse intestinal organoids were washed with cold PBS, digested by 0.05%
m/v trypsin for 5 minutes at 37 °C, centrifuged at 250¢ for 3 minutes, and resuspended in fresh
prewarmed organoid medium. Cell suspension was added into a chamber slide (Thermo) pre-
coated with Entactin-Collagen IV-Laminin (Corning) for cat cells or 2% m/v Gelatin in PBS
(Sigma) for mouse cells. The slides were coated by air-drying the basement membrane matrix
or gelatin to air-dry overnight. The monolayers were grown for 10-15 days prior to infection
with T. gondii bradyzoites, with media change every other day until cells reached 90% or more
confluency. Linoleic acid or oleic acid conjugated to BSA (Sigma) was added to the organoid
monolayers to 0.2 mM 24 hours prior to infection.
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Bradyzoite preparation and infection

C57BL/6] mice were oral gavage infected with 500-1,000 ME49 oocysts from cat feces. At 28
days post infection, brains were removed, washed in cold PBS, and homogenized with a glass
tissue grinder. The suspension was centrifuged at 400g for 10 minutes and the pellet suspended
in 20% m/v Dextran (Average MW 150,000, Sigma). Bradyzoite cysts were pelleted and sepa-
rated from brain material by centrifugation at 2,200¢ for 10 minutes. The pellet was washed in
PBS, digested by 0.1 mg/mL pepsin in HCl for 5 minutes at 37 °C, and then neutralized with
an equal volume 1% Sodium Carbonate (Sigma). Bradyzoites were spun at 250¢ for 10 min-
utes, resuspended in prewarmed organoid medium, and added onto the organoid monolayers
with a multiplicity of infection of 1 bradyzoite:10 intestinal epithelial cells (MOI 1:10).

Delta-6-desaturase inhibition

SC-26196 (Cayman) was solubilized in DMSO and used at 20 uM in mouse organoid mono-
layers. For in vivo treatment, the inhibitor was solubilized in 0.5% m/v methylcellulose, and
the mice were given 50 mg/kg every 12 hours by oral gavage [24]. C57BL/6] female mice (4
weeks old) deleted in Z-DNA-binding protein [36] were divided into four different groups:
uninfected control, T. gondii-infected without fatty acid supplementation, T. gondii-infected
with linoleic acid supplementation, and T. gondii-infected with linoleic acid and SC-26196
inhibitor. Each mouse supplemented with linoleic acid received 10 pL of 99% linoleic acid oil
(MilliporeSigma Cat#843483) suspended in 0.5% Methylcellulose per day by oral gavage. Mice
were infected with 1,000 brain cysts purified as described above by oral gavage and euthanized
7 days post infection. Sample size was at least two mice per group, and the experiment was
repeated five times. Alternatively, each mouse was infected with one mouse brain at least 2
months post infection with at least 1,000 cysts. Mice were treated with SC-26196 until day 5
post infection. Feces were collected from days 5-14 and oocysts enumerated by microscopy.

Immunofluorescence

Intestinal organoid monolayers or mouse fecal samples were fixed in 3.7% formaldehyde in
PBS for 20 minutes, permeabilized with 0.2% triton X-100 (Sigma) in PBS at room tempera-
ture for 1 hour, and then blocked with 3% BSA in PBS at room temperature for 1 hour. Pri-
mary antibody was incubated at 4 °C overnight in 0.2% v/v Triton x-100 and 3% BSA in PBS
(1:100 mouse anti-GRA11B, 1:100 rabbit anti-BRP1, 1:100 mouse anti-AO2, 1:50 monoclonal
mouse anti-ZO-1 [Santa Cruz], or 1:25 mouse IgM anti-oocyst wall 3G4). Sporulated oocysts
from mouse feces were dried onto slides, fixed and permeabilized with ice-cold acetone for 30
minutes, and incubated with 1:20 mouse 4B6 to the visualize the sporocyst. Slides were incu-
bated with the specific secondary antibody (1:500 goat anti-rabbit Alexa Fluor 488 and 1:500
goat anti-mouse Alexa Fluor 594) at room temperature for 1 hour and then washed three
times with PBS. Cells nuclei were stained with 10 uM DAPI (Sigma). Slides were mounted in
Vectashield antifade mounting medium (VectorLabs). Samples were imaged on Zeiss Axio-
plan IIT equipped with a triple-pass (DAPI/fluorescein isothiocyanate [FITC]/Texas Red)
emission cube, differential interference contrast optics, and a monochromatic Axiocam cam-
era operated by Zen software (Zeiss) and processed using Image]J (Fiji packet).

Tissue sectioning and histology

Ileums were fixed in 3.7% formaldehyde in PBS overnight, embedded in paraffin, and sectioned
by the Translational Research Initiatives in Pathology laboratory at the University of Wiscon-
sin-Madison. The sections were stained with hematoxylin and eosin or reticulin (silver) stain.
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Real-time PCR on ileum cDNA

Mice with and without delta-6-desaturase inhibitor treatment were euthanized 7 days post
infection. The ileum of each mouse was removed and homogenized in 1 mL of TRIzol. Total
RNA was isolated according to manufacturer’s protocol (Invitrogen) and treated with amplifi-
cation-grade DNase I. cDNA was generated using the Invitrogen SuperScript III First-Strand
Synthesis kit with random hexamer primers. GRA11B and SAG1 were used as markers of sex-
ual and asexual stages, respectively. The T. gondii housekeeping gene TUB1A was used to nor-
malize target gene expression. Real-time qPCR was performed using Bio-Rad iTaq Universal
SYBR Green Supermix on an Applied Biosystems StepOnePlus Real-Time PCR system. The
efficiency of each primer set was calculated from the slope of a 1:10 dilution standard curve of
tachyzoite gDNA, where E = 10/ (-1/slope). The Pfaftl method [37], which accounts for differ-
ences in efficiencies, was then used to calculate the relative gene expression of GRA11B and
SAGI per sample, in triplicate. Only wells with one melt curve temperature were used, indicat-
ing a single product. Primer sequences were as follows:

TUBI1A forward: 5 ~-GACGACGCCTTCAACACCTTCTTT- 3
Reverse: 5’ —~AGTTGTTCGCAGCATCCTCTTTCC- 3

SAG1 forward: 5 -TGCCCAGCGGGTACTACAAG- 3
Reverse: 5 -TGCCGTGTCGAGACTAGCAG- 3’

GRAL11B forward: 5 ~ATCAAGTCGCACGAGACGCC- 3
Reverse: 5 ~AGCGAATTGCGTTCCCTGCT- 3’

Real-time PCR for T. gondii genomic DNA in fecal samples

Fecal samples from the mice with and without delta-6-desaturase inhibitor treatment were col-
lected. Genomic DNA was generated from 0.1 g of feces from each mouse using the power soil
DNA kit (QIAGEN) according to the manufacturer’s instructions except that cells were bro-
ken by a bead beater instead of a vortex. A standard curve was generated using a dilution series
of 10'-10° parasites per well amplified using the SAG1 primer set described above, based on a
genomic DNA sample with known parasite quantity. The Ct values were plotted against the
log of the parasite numbers. The number of target gene copies in each sample can be interpo-
lated from the linear regression of the standard curve.

(Target gene Ct—y intercept)

target gene copy # = 100 sTope

Real-time PCR was performed on each sample, in triplicate, using Bio-Rad iTaq Universal
SYBR Green Supermix on an Applied Biosystems StepOnePlus Real-Time PCR system. The
calculated copy numbers of each sample were normalized based on the ng of nucleic acid used
as PCR template. Only wells with one melt curve temperature were used, indicating a single
product.

PCR of cat intestinal monolayers

Cat intestinal monolayers were grown in 24-well plates until confluency and then were incu-
bated with either no fatty acid supplementation, 200 uM oleic acid, or 200 pM linoleic acid
for 24 hours. The monolayers were infected with ME49 bradyzoites purified from brains of
chronic infected mice in duplicate with uninfected monolayers as a negative control. Seven
days post infection, RNA was extracted with TRIzol, and cDNA was synthesized as described
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above. TgAO2 was used as a marker for macrogametes, and TgME49_306338 was used as a
marker for microgametes. TUB1A was used as an input control using the same primers as
above. A cDNA synthesis reaction without the addition of reverse transcriptase was used as a
control for genomic DNA contamination. Equivalent amounts of cDNA per sample were used
as a template for each PCR reaction, and the products were separated on an acrylamide gel
and imaged. Primer sequences were as follows:

TgAO2 forward: 5 ~-GTCTTGGTTCGTTGAAGGGGCTG- 3
Reverse: 5 ~-CGTCCTCGATGCCCATGAAATCTG- 3
TgME49_306338 forward: 5 ~-CCACGTCCTTCGCCGATG- 3
Reverse: 5 -CATCAGAGGTCCCAGGTTGTCG- 3’

Statistical methods

All real-time PCR fecal samples were run in triplicate technical replicates. The difference
between the mean target gene copy numbers was analyzed by two-tailed unpaired ¢ tests.

The real-time PCR intestinal samples were run in triplicate from two biological replicates per
group. The difference between the mean relative expression of each target gene was analyzed
by two-tailed unpaired ¢ tests.

Oocyst sporulation and mouse infections

Fresh fecal samples were obtained from each mouse, homogenized in PBS, and then centri-
fuged at 1,500g. The pellet was resuspended in PBS plus penicillin and streptomycin, and the
samples were shaken for 7-14 days at room temperature in presence of oxygen. Mice oocysts
were stable for at least 3 months at 4 °C. Naive mice were infected with approximately 250
mouse oocysts through intraperitoneal injection. Mice were humanely euthanized at day 28
post infection, and their brains were removed, homogenized, and either incubated with bioti-
nylated DBA 1:1,000 or purified with 20% m/v Dextran as described above before DBA incu-
bation. All cysts were then incubated with streptavidin-conjugated Alexa Fluor-594 1:1,000
and imaged on Zeiss Axioplan III equipped with a triple-pass (DAPI/FITC/Texas Red) emis-
sion cube, differential interference contrast optics, and a monochromatic Axiocam camera
operated by Zen software (Zeiss) and processed using Image] (Fiji packet).

Western immunoblot

MEA49 tachyzoite lysates were run on a 15% SDS-PAGE protein gel, transferred to a nitrocellu-
lose membrane, and strips blocked with 5% w/v low fat milk in TBS 1.0% v/v Tween-20. Col-
lected serum was diluted 1:250 TBS 1.0% v/v Tween-20, and 1:2,000 anti-mouse HRP was used
as the secondary antibody. Serum from C57BL/6 mice infected with cat oocysts for 26 days
was used as positive control, and serum from uninfected C57BL/6 mice was used as negative
control. Stripes were imaged by LI-COR (LI-COR Biosciences) at 700 nm or chemilumines-
cence for a 5-minute exposure.

Supporting information

S1 Fig. Quantification of merozoites in mouse tissue culture. Mouse intestinal organoids
were disassociated by trypsin, and the individual cells were grown on glass slides. Slides were
divided into three different groups: not supplemented with fatty acids or SC-26196 inhibitor,
supplemented with 200 uM linoleic acid, or supplemented with 200 uM linoleic acid plus
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20 pM SC-26196 (“D6D +LA”). Monolayers were infected with T. gondii ME49 bradyzoites
purified from brains of chronic infected mice. At 5 days post infection, monolayers were
stained for GRA11B, BRP1, and DAPI. Total number of parasitophorous vacuoles were
counted by positive DAPI staining and confirmed by morphology with DIC. The percentage
of vacuoles positive for GRA11B and BRP1 out of the total vacuoles was determined. Three
biological replicates were counted, and on average, 26% of the total vacuoles were positive
for GRA11B and BRP1 in the linoleic acid-supplemented monolayers with the addition

of SC-26196. **p-value = 0.0039 with N = 3 by two-tailed unpaired ¢ test. BRP1, bradyzoite
rhoptry protein-1; DIC, differential interference contrast; GRA11B, dense granule protein
11B.

(TIF)

$2 Fig. Mice oocyst infectivity evaluation by serum conversion. Oocysts collected from SC-
26196-treated mice were sporulated and injected intraperitonially into C57BL/6 mice. Serum
was collected by terminal bleed at either 22 days (1 and 2), 28 days (3 and 4), or 3 months (5-
10) post infection. Serum from uninfected mouse was used as a negative control (-). The posi-
tive control (+) was serum from a mouse infected for 26 days with cat oocysts. Serum was incu-
bated with nitrocellulose blotted with ME49 tachyzoite lysate. Panel (a) is chemiluminescence,
and (b) is a 700-nm image showing the individual lanes and the protein ladder.

(TIF)

$3 Fig. Mouse oocysts are infectious. Twenty-eight days post infection with oocysts, mouse
brains were removed, homogenized, and stained for T. gondii cysts by DBA (red). All panels
are 20 um” with a 5-um white size bar in the lower right corner. DBA, D. biflorus agglutinin.
(TIF)

S1 Data. Raw data for Fig 2a. Quantification of GRA11B and BRP1 double-positive vacuoles
in cat tissue culture. Cat intestinal monolayers were divided into three different groups: not
supplemented with fatty acid, supplemented with 200 uM oleic acid, or supplemented with
200 pM linoleic acid (left column). Monolayers were infected with T. gondii ME49 bradyzoites
purified from brains of chronic infected mice at a 1:10 MOI. Five days after infection, staining
was performed for GRA11B and BRP1 along with DAPI. For each random field, the number
of host cell nuclei was counted along with GRA11B/BRP1 double-positive and negative vacu-
oles. For each biological replicate, five different technical replicates were counted, and the
average value is presented. Each line of the table is an independent experiment, three biological
replicates. BRP1, bradyzoite rhoptry protein-1; GRA11B, dense granule protein 11B; MOI,
multiplicity of infection.

(TTF)

$2 Data. Raw data for Fig 2b. Raw Ct values of TUB1A, SAG1, and GRA11B from the cDNA
of cat intestinal monolayers samples using TUB1A as the normalizer for target gene expres-
sion. Wells with multiple melt curve temperatures, indicating off-target products, were
excluded (“NA”). Samples below the detection limit of 40 cycles are labeled BDL. BRP1,
bradyzoite rhoptry protein-1; GRA11B, dense granule protein 11B; SAGI, surface antigen 1;
TUBIA, tubulin 1A.

(TIF)

S$3 Data. Raw data for Fig 3h. Quantification of vacuoles positive with the oocyst wall anti-
body 3G4 in cat tissue culture. Cat intestinal monolayers were divided into three different
groups: not supplemented with fatty acid, supplemented with 200 uM oleic acid, or supple-
mented with 200 uM linoleic acid (left column). Monolayers were infected with T. gondii
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ME49 bradyzoites purified from brains of chronic infected mice at a 1:10 MOI. Seven
days after infection, staining for oocyst wall antigen was performed with 3G4 antibody.
For each 1-cm? well, the total number of 3G4 positive vacuoles was counted. Each column
of the table is an independent experiment, three biological replicates. MOI, multiplicity of
infection.

(TIF)

S$4 Data. Raw data for S1 Fig. Quantification of GRA11B and BRP1 double-positive vacuoles
in mouse tissue culture. Mouse intestinal monolayers were divided into three different groups:
not supplemented with fatty acids or SC-26196 inhibitor (no fatty acid), supplemented with
200 pM linoleic acid, or supplemented with 200 uM linoleic acid plus the addition of 20 uM
SC-26196 (“D6D inh.”). Monolayers were infected with T. gondii ME49 bradyzoites purified
from brains of chronic infected mice at a 1:10 MOI. Five days after infection, staining was per-
formed for GRA11B and BRP1 along with DAPI. For each random field, the number of host
cell nuclei was counted along with GRA11B/BRP1 double-positive and negative vacuoles. For
each biological replicate, three different technical replicates were counted, and the average
value is presented. Each line of the table is an independent experiment, three biological repli-
cates. BRP1, bradyzoite rhoptry protein-1; GRA11B, dense granule protein 11B; MOI, multi-
plicity of infection.

(TIF)

S5 Data. Raw data for Fig 5a. Raw Ct values of the TUB1A, SAG1, and GRA11B standard
curves on a dilution series of genomic DNA from tachyzoites and raw Ct values of TUB1A,
SAG1, and GRA11B from the cDNA of homogenized mouse ileum samples using TUB1A as
the normalizer for target gene expression. Wells with multiple melt curve temperatures, indi-
cating off-target products, were excluded (“NA”). Samples below the detection limit of 40
cycles are labeled BDL. BRP1, bradyzoite rhoptry protein-1; GRA11B, dense granule protein
11B; SAGI, surface antigen 1; TUB1A, tubulin 1A.

(TIF)

S6 Data. Raw data for Fig 6a. Raw Ct values of the SAGI standard curve on a dilution series
of genomic DNA with known parasite quantity and raw Ct values of SAG1 amplification from
genomic DNA of unknown fecal samples using ng quantity input as the normalizer. Wells
with multiple melt curve temperatures, indicating off-target products, were excluded (“NA”).
SAG]I, surface antigen 1.

(TIF)

S7 Data. Raw data for Fig 6b. Feces (0.5 g) was solubilized in 500 uL of saline, and then 10 uL
of this suspension was counted in a hemocytometer. The values in the table are number of
oocysts per sample. Each column of the table is an independent experiment, three biological
replicates. The average counts per d.p.i. were used to calculate the number of oocysts/gram of
feces. d.p.i., day post infection.

(TIF)

Acknowledgments

We sincerely thank Jason Spence and his lab for assistance with intestinal organoid culture;
Aurélien Dumetre, Adrian Hehl, and John Boothroyd for cat stage-specific antibodies; Maria
Arendst for assistance with intestinal pathology images; Heather Fritz, David Ferguson, and
Jean Frangois Dubremetz for advice; and Christina Hull, Benjamin Rosenthal, and Rodney
Welch for editing of the manuscript.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000364  August 20, 2019 16/19


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000364.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000364.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000364.s009
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000364.s010
https://doi.org/10.1371/journal.pbio.3000364

@'PLOS ‘ BIOLOGY

Turning a mouse into a cat: Inhibition of delta-6-desaturase allows Toxoplasma to have sex anywhere

Author Contributions

Conceptualization: Bruno Martorelli Di Genova, Laura J. Knoll.

Formal analysis: Bruno Martorelli Di Genova, Sarah K. Wilson.

Funding acquisition: Laura J. Knoll.

Investigation: Bruno Martorelli Di Genova, Sarah K. Wilson, Laura J. Knoll.
Methodology: Bruno Martorelli Di Genova, Sarah K. Wilson, J. P. Dubey, Laura J. Knoll.
Project administration: Laura J. Knoll.

Resources: Laura J. Knoll.

Supervision: Laura J. Knoll.

Validation: Bruno Martorelli Di Genova, Sarah K. Wilson, J. P. Dubey, Laura J. Knoll.
Visualization: Bruno Martorelli Di Genova.

Writing - original draft: Bruno Martorelli Di Genova, Laura J. Knoll.

Writing - review & editing: Bruno Martorelli Di Genova, Sarah K. Wilson, J. P. Dubey, Laura
J. Knoll

References

1. Dubey JP, Miller NL, Frenkel JK. The Toxoplasma gondii oocyst from cat feces. J Exp. Med. 1970; 132:
636—662. https://doi.org/10.1084/jem.132.4.636 PMID: 4927658

2. Dubey JP, Frenkel JK. Cyst-induced toxoplasmosis in cats. J Protozool 1972; 19: 155-177. PMID:
5008846

3. DabritzHA, Conrad PA. Cats and Toxoplasma: implications for public health. Zoonoses Public Health.
2010; 57: 34-52. https://doi.org/10.1111/j.1863-2378.2009.01273.x PMID: 19744306

4. Zulpo DL, Sammi AS, Dos Santos JR, Sasse JP, Martins TA, Minutti AF, et al, Toxoplasma gondiii: A
study of oocyst re-shedding in domestic cats. Vet Parasitol. 2018; 249: 17-20. https://doi.org/10.1016/j.
vetpar.2017.10.021 PMID: 29279081

5. Dubey JP. Toxoplasmosis of animals and humans. 2nd ed. Boca Raton, FL: CRC Press; 2010. pp. 1—
313.

6. Ramakrishnan C, Walker RA, Eichenberger M, Hehl AB, Smith NC. The merozoite-specific protein,
TgGRA11B, identified as a component of the Toxoplasma gondii parasitophorous vacuole in a tachy-
zoite expression model. Int J Parasit. 2017; 47: 597—600.

7. Schwarz JA, Fouts AE, Cummings CA, Ferguson DJ, Boothroyd JC. A novel rhoptry protein in Toxo-
plasma gondiibradyzoites and merozoites. Mol. Biochem. Parasitol. 2005; 144: 159-66. https://doi.org/
10.1016/j.molbiopara.2005.08.011 PMID: 16182390

8. Nolan SJ, Romano JD, Coppens |. Host lipid droplets: An important source of lipids salvaged by the
intracellular parasite Toxoplasma gondii. PLoS Path. 2017; 13: e1006362.

9. Brown SH, Zarnowski R, Sharpee WC, Keller NP. Morphological transitions governed by density
dependence and lipoxygenase activity in Aspergillus flavus. Appl Environ Microbiol. 2008; 74: 185674—
5685.

10. Walker RA, Sharman PA, Miller CM, Lippuner C, Okoniewski M, Eichenberger RM, et al. RNA Seq anal-
ysis of the Eimeria tenella gametocyte transcriptome reveals clues about the molecular basis for sexual
reproduction and oocyst biogenesis. BMC Genomics. 2015; 16: 1-20.

11.  Dumétre A, Dardé ML. Immunomagnetic separation of Toxoplasma gondii oocysts using a monoclonal
antibody directed against the oocyst wall. J Microbiol Methods. 2005; 61: 209—17. https://doi.org/10.
1016/j.mimet.2004.11.024 PMID: 15722147

12. Hehl A, Basso WU, Lippuner C, Ramakrishnan C, Okoniewski M, Walker RA, et al. Asexual expansion
of Toxoplasma gondii merozoites is distinct from tachyzoites and entails expression of non-overlapping
gene families to attach, invade, and replicate within feline enterocytes. BMC Genomics 2015; 16: 66.
https://doi.org/10.1186/s12864-015-1225-x PMID: 25757795

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000364  August 20, 2019 17/19


https://doi.org/10.1084/jem.132.4.636
http://www.ncbi.nlm.nih.gov/pubmed/4927658
http://www.ncbi.nlm.nih.gov/pubmed/5008846
https://doi.org/10.1111/j.1863-2378.2009.01273.x
http://www.ncbi.nlm.nih.gov/pubmed/19744306
https://doi.org/10.1016/j.vetpar.2017.10.021
https://doi.org/10.1016/j.vetpar.2017.10.021
http://www.ncbi.nlm.nih.gov/pubmed/29279081
https://doi.org/10.1016/j.molbiopara.2005.08.011
https://doi.org/10.1016/j.molbiopara.2005.08.011
http://www.ncbi.nlm.nih.gov/pubmed/16182390
https://doi.org/10.1016/j.mimet.2004.11.024
https://doi.org/10.1016/j.mimet.2004.11.024
http://www.ncbi.nlm.nih.gov/pubmed/15722147
https://doi.org/10.1186/s12864-015-1225-x
http://www.ncbi.nlm.nih.gov/pubmed/25757795
https://doi.org/10.1371/journal.pbio.3000364

@'PLOS ‘ BIOLOGY

Turning a mouse into a cat: Inhibition of delta-6-desaturase allows Toxoplasma to have sex anywhere

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Rivers JPW, Sinclair AJ, Crawford MA. Inability of the cat to desaturate essential fatty acids. Nature.
1975; 258: 171-173. https://doi.org/10.1038/258171a0 PMID: 1186900

Sinclair AJ, McLean JG, Monger EA. Metabolism of Linoleic acid in the cat. Lipids. 1979; 14: 932—936.
PMID: 513981

MacDonald ML, Rogers QR, Morris JG, Role of Linoleate as an Essential Fatty Acid for the Cat Inde-
pendent of Arachidonate Synthesis. The Journal of Nutrition. 1983; 113: 1422—-1433. https://doi.org/10.
1093/jn/113.7.1422 PMID: 6408230

Trevizan L, de Mello Kessler A, Brenna JT, Lawrence P, Waldron MK, Bauer JE. Maintenance of arachi-
donic acid and evidence of A5 desaturation in cats fed y-linolenic and linoleic acid enriched diets. Lipids.
2012; 47: 413-23. https://doi.org/10.1007/s11745-011-3651-0 PMID: 22249937

Hall DJ, Freeman LM, Rush JE, Cunningham SM. Comparison of serum fatty acid concentrations in
cats with hypertrophic cardiomyopathy and healthy controls. J Feline Med Surg. 2013; 16: 631-6.
https://doi.org/10.1177/1098612X 13516478 PMID: 24366844

Fujiwara M, Mori N, Sato T, Tazaki H, Ishikawa S, Yamamoto |, et al. Changes in fatty acid composition
in tissue and serum of obese cats fed a high fat diet. BMC Vet Res. 2015; 11: 1-8.

Navarro MD, Hortelano P, Periago JL, Pita ML. Effect of dietary olive and sunflower oils on the lipid com-
position of the aorta and platelets and on blood eicosanoids in rats. Arterioscler Thromb. 1992; 12: 830—
5. PMID: 1616908

Adan 'Y, Shibata K, Ni W, Tsuda Y, Sato M, Ikeda |, et al, Concentration of serum lipids and aortic lesion
size in female and male apo E-deficient mice fed docosahexaenoic acid. Biosci Biotechnol Biochem.
1999; 6: 309-13.

Sato M, Shibata K, Nomura R, Kawamoto D, Nagamine R, Imaizumi K. Linoleic acid-rich fats reduce
atherosclerosis development beyond its oxidative and inflammatory stress-increasing effect in apolipo-
protein E-deficient mice in comparison with saturated fatty acid-rich fats. BrJ Nutr. 2005; 94: 896—901.
https://doi.org/10.1079/bjn20051409 PMID: 16351765

Jelinska M, Biatek A, Gielecinska I, Mojska H, Tokarz A. Impact of conjugated linoleic acid administered
to rats prior and after carcinogenic agent on arachidonic and linoleic acid metabolites in serum and
tumors. Prostaglandins Leukot Essent Fatty Acids. 2017; 126: 1-8. https://doi.org/10.1016/j.plefa.2017.
08.013 PMID: 29031386

Obukowicz MG, Welsch DJ, Salsgiver WJ, Martin-Berger CL, Chinn KS, Duffin KL, et al, Novel, selec-
tive D6 or D5 fatty acid desaturase inhibitors as anti-inflammatory agents in mice. J Pharm Exp Therap.
1998; 287: 157—166.

He C, Qu X, Wan J, Rong R, Huang L, Cai C. et al, Inhibiting delta-6 desaturase activity suppresses
tumor growth in mice. PLoS ONE. 2012; 7: e47567. https://doi.org/10.1371/journal.pone.0047567
PMID: 23112819

Guiton PS, Sagawa JM, Fritz HM, Boothroyd JC. An in vitro model of intestinal infection reveals a devel-
opmentally regulated transcriptome of Toxoplasma sporozoites and a NF-kB-like signature in infected
host cells. PLoS ONE. 2017; 12: e073018.

Burg JL, Perelman D, Kasper LH, Ware PL, Boothroyd JC. Molecular analysis of the gene encoding the
major surface antigen of Toxoplasma gondii. J Immunol. 1988; 141: 3584—-3591. PMID: 3183382

Dubey JP, Frenkel JK. Cyst-induced Toxoplasmosis in cats. J. Protozool. 1972; 19: 155-177. PMID:
5008846

Boothroyd JC, Black M, Bonnefoy S, Hehl A, Knoll LJ, Manger ID. et al, Genetic and biochemical analy-
sis of development in Toxoplasma gondii. Philos Trans R Soc Lond B Biol Sci. 1997; 352: 1347—-1354.
https://doi.org/10.1098/rstb.1997.0119 PMID: 9355126

Dubey JP, Ferreira LR, Martins J, Jones JL. Sporulation and survival of Toxoplasma gondiioocysts in
different types of commercial cat litter. J Parasitol. 2011; 97: 751—4. https://doi.org/10.1645/GE-2774.1
PMID: 21539466

Belli SI, Wallach MG, Luxford C, Davies MJ, Smith NC. Roles of tyrosine-rich precursor glycoproteins
and dityrosine- and 3,4-dihydroxyphenylalanine-mediated protein cross-linking in development of the
oocyst wall in the coccidian parasite Eimeria maxima. Eukar Cell. 2003; 2: 456—464.

Shamseddin J, Akhlaghi L, Razmjou E, Shojaee S, Monavari SH, Tajik NJ. et al, Conjugated linoleic
acid stimulates apoptosis in RH and Tehran strains of Toxoplasma gondiiin vitro. Iranian J Parasitol.
2015; 10: 238—244.

Toledo DAM, D’Avila H, Melo RCN. Host lipid bodies as platforms for intracellular survival of protozoan
parasites. Front. Immunol. 2016; 7: 1-6.

Lujan HD, Mowatt MR, Byrd LG, Nash TE. Cholesterol starvation induces differentiation of the intestinal
parasite Giardia lamblia. Proc. Natl. Acad. Sci. 1996; 93: 7628-33. https://doi.org/10.1073/pnas.93.15.
7628 PMID: 8755526

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000364  August 20, 2019 18/19


https://doi.org/10.1038/258171a0
http://www.ncbi.nlm.nih.gov/pubmed/1186900
http://www.ncbi.nlm.nih.gov/pubmed/513981
https://doi.org/10.1093/jn/113.7.1422
https://doi.org/10.1093/jn/113.7.1422
http://www.ncbi.nlm.nih.gov/pubmed/6408230
https://doi.org/10.1007/s11745-011-3651-0
http://www.ncbi.nlm.nih.gov/pubmed/22249937
https://doi.org/10.1177/1098612X13516478
http://www.ncbi.nlm.nih.gov/pubmed/24366844
http://www.ncbi.nlm.nih.gov/pubmed/1616908
https://doi.org/10.1079/bjn20051409
http://www.ncbi.nlm.nih.gov/pubmed/16351765
https://doi.org/10.1016/j.plefa.2017.08.013
https://doi.org/10.1016/j.plefa.2017.08.013
http://www.ncbi.nlm.nih.gov/pubmed/29031386
https://doi.org/10.1371/journal.pone.0047567
http://www.ncbi.nlm.nih.gov/pubmed/23112819
http://www.ncbi.nlm.nih.gov/pubmed/3183382
http://www.ncbi.nlm.nih.gov/pubmed/5008846
https://doi.org/10.1098/rstb.1997.0119
http://www.ncbi.nlm.nih.gov/pubmed/9355126
https://doi.org/10.1645/GE-2774.1
http://www.ncbi.nlm.nih.gov/pubmed/21539466
https://doi.org/10.1073/pnas.93.15.7628
https://doi.org/10.1073/pnas.93.15.7628
http://www.ncbi.nlm.nih.gov/pubmed/8755526
https://doi.org/10.1371/journal.pbio.3000364

o ®
@ : PLOS ‘ BIOLOGY Turning a mouse into a cat: Inhibition of delta-6-desaturase allows Toxoplasma to have sex anywhere

34. Munera JO, Sundaram N, Rankin SA, Hill D, Watson C, Mahe M, et al, Differentiation of human pluripo-
tent stem cells into colonic organoids via transient activation of BMP signaling. Cell Stem Cell. 2017; 21:
51-64. https://doi.org/10.1016/j.stem.2017.05.020 PMID: 28648364

35. Zou WY, Blutt SE, Crawford SE, Ettayebi K, Zeng XL, Saxena K, Ramani S, Karandikar UC, Zachos
NC, Estes MK. Human Intestinal Enteroids: New Models to Study Gastrointestinal Virus Infections.
Methods Mol Biol. https://doi.org/10.1007/7651_2017_1 Epub 2017 Mar 31. PMID: 28361480

36. Pittman KJ, Cervantes PW, Knoll LJ. Z-DNA binding protein mediates host control of Toxoplasma gondii
infection. Infect Immun. 2016; 84: 3063—70. https://doi.org/10.1128/IA1.00511-16 PMID: 27481249

37. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 2001; 29: 2002—-2007.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000364  August 20, 2019 19/19


https://doi.org/10.1016/j.stem.2017.05.020
http://www.ncbi.nlm.nih.gov/pubmed/28648364
https://doi.org/10.1007/7651_2017_1
http://www.ncbi.nlm.nih.gov/pubmed/28361480
https://doi.org/10.1128/IAI.00511-16
http://www.ncbi.nlm.nih.gov/pubmed/27481249
https://doi.org/10.1371/journal.pbio.3000364

